Abstract: The paper presents an experimental procedure developed for determination of the pore size, shape and distribution in a single layer woven fabric, for the construction of a virtual model to be incorporated in a future CFD software package. The procedure is based on non-destructive observation and analysis of woven samples. 14 different samples of gray fabrics of 100 % cotton in plain and twill weaves are investigated. The results obtained allow the creation of reality more realistic virtual model of the woven structure, and theoretical investigation of its porosity and permeability through computer simulation.
Introduction
In the recent decade extensive research has been performed worldwide on fabrics that provide comfort to wearer, being at the same time a protection barrier against outdoor and indoor environmental conditions. The thermal comfort of clothing and textiles is strongly related to fabrics' air permeability, water-vapour permeability, and waterproofness [1] . On the other hand, these three characteristics are dependent on the porosity and the internal structure of the fabrics [2] [3] [4] .
The use of computational fluid dynamics (CFD) for numerical modeling of the permeability of textile structures can reduce to a minimum or even eliminate the sample weaving. To develop an adequate virtual model, however, different problems have to be overcome. These problems are related with the geometry of the yarn interaction, the proper grid generation, etc. [5] . Several studies were oriented to the investigation of the porous structure of woven fabrics. The reason is that the woven structure, while compared to knitted or nonwoven structures, has the most exactly determined inner geometry, which can be compared to a tube-like porous structure [6] . Dubroski (2000) [7] has developed a three-factor analytical model to determine the volume porosity of woven fabrics and later on the same author presented a geometrical model of the porosity of woven structures, based on the basic characteristics of a fabric: i.e., linear density, weave factor, and relative fabric density [8] . Volume porosity was used in the paper of Militky et al. (2010) [9] to predict the air permeability of 27 of plain woven samples with constant warp density and changeable weft settings. Though several studies have treated the pores as cylinders with a permanent cross-section over all its length [6, [10] [11] [12] , the pore size and shape are completely uneven. The same is valid for the pore distribution in the woven fabric [13] . The application of a CFD code for simulation of the air permeability of woven fabrics requires the microstructure of the pores between the threads and pore distribution to be known [14] . The virtual model of a woven structure is relatively easy to be built by using the pre-processor of the CFD code or other graphical software. However, the research studies in textiles usually present complicated and time-consuming methodologies, which increase the price of the CFD simulation. Therefore the aim of this study is to present a method, based on image analysis, which is faster and particularly appropriate for use in CFD software. Both shape and size of the interyarn pores are determined and analyzed. The results obtained allow the creation of closer to the reality virtual model of the woven structure and theoretical investigation of its porosity and permeability through computer simulation.
Porosity of the woven structures
Porosity or the volume of the pores is the main characteristic responsible for the air permeability of the woven structures. It determines the comfort of apparel, the thermal insulation efficiency, and the precision of the filter media or the barrier fabric performance. Woven fabrics are characterized by their hierarchical structure. Generally, this structure consists of two components: yarns, and fibers, which form the yarns. The hierarchical structure of the fabrics makes the problem of the air-permeability simulation quite complex. The air (or any kind of fluid) does not move only between the threads, in the interstices, but also between the fibers in the yarns. Only in the case of fabrics made of monofilaments does the air permeability depend only on the interstices between the threads. Fig. 1 illustrates the motion of fluid flow with velocity u 0 and flow rate Q 0 through a screen of a porous woven structure. Part of the flow moves with velocity u 1 through the interstices between the threads and it is determined by the porosity of the fabric. However, a percentage of the flow with velocity u 2 penetrates through the threads (being staple fiber yarns or polyfilaments), which form the fabric. It is not possible to estimate directly this interrelation via standard measurements. Modelling of the fabric structure, however, could be a useful tool to simulate the influence of the threads parameters and fabric structure on the air permeability. To apply CFD tools for numerical simulation of the flow through a woven sample, a reliable geometrical model of threads (being staple fiber yarns or polyfilaments), which form the fabric possible to estimate directly this interrelation via standard measurements. of the fabric structure, however, could be a useful tool to simulate the influe threads parameters and fabric structure on the air permeability. To apply CFD tools for numerical simulation of the flow through a woven sample, a reliable geometrical model of the fabric has to be built. It requires the following parameters of the fabric to be known: size and shape of the pores in the fabric and their distribution in the fabric area, fabric thickness, flow velocity through the sample, etc. Figure 2 shows as an illustration the incorporation of a woven sample of 6 warp and 6 weft threads in a computational domain for CFD prediction of the flow through the sample. Fluent 6.3 CFD software is used for building the grid and only the domain and the computational grid (tetrahedron type with local refinement in the zone of the pores) are shown. The most frequently used method for description of the porosity of woven structures is to use the fabric geometry and its parameters like count of the warp and weft yarns (or their diameter), yarn density in warp and weft direction (yarn density), etc. Therefore the permeability of a single textile layer can be theoretically and experimentally expressed via its porosity (or structure of the porous medium), using parameters like average pore size, number of pores, etc. [13, 15] . Xu and Wang (2005) [12] and Ogulata (2006) [16] used the following equation for calculation of the area S of a pore:
where is the average diameter of warp threads (mm), is the average diameter of the weft threads (mm), is the warp density (ends/dm), and is the weft density (picks/dm). 
EXPERIMENTAL PROCEDURE FOR MEASUREMENT OF THE PORE SIZE BY USING

IMAGE-PROCESSING METHOD
The non-destructive analysis for determination of the pores size of a woven structure requires a microscope and a digital camera, as well as software for automatic measurement of the area of closed contours. In this case an Optika DM-15 microscope with built-in digital camera (max resolution 1600x1200 pixels) was used. Fourteen the fabric has to be built. It requires the following parameters of the fabric to be known: size and shape of the pores in the fabric and their distribution in the fabric area, fabric thickness, flow velocity through the sample, etc. Fig. 2 shows as an illustration the incorporation of a woven sample of 6 warp and 6 weft threads in a computational domain for CFD prediction of the flow through the sample. Fluent 6.3 CFD software is used for building the grid and only the domain and the computational grid (tetrahedron type with local refinement in the zone of the pores) are shown.
The most frequently used method for description of the porosity of woven structures is to use the fabric geometry and its parameters like count of the warp and weft yarns (or their diameter), yarn density in warp and weft direction (yarn density), etc. Therefore the permeability of a single textile layer can be theoretically and experimen-tally expressed via its porosity (or structure of the porous medium), using parameters like average pore size, number of pores, etc. [13, 15] 
Experimental procedure for measurement of the pore size by using image-processing method
The non-destructive analysis for determination of the pores size of a woven structure requires a microscope and a digital camera, as well as software for automatic measurement of the area of closed contours. In this case an Optika DM-15 microscope with built-in digital camera (max. resolution 1600×1200 pixels) was used. Fourteen samples of raw fabrics of 100 % cotton were investigated. The linear density of the yarns was determined by measurements before weaving. The woven samples were tested for their weight and a non-destructive analysis was used to determine the exact warp and weft density. The main parameters of the samples are presented in Table 1 , where the samples are ranged by their wrap density (ends/dm). Twenty pictures were taken under microscope for each of the samples or 280 fabric images all together. The following steps were performed:
• Taking the digital images of each sample under 4 times enlargement. It was found that different number of pores was included in a single image. The differences in the warp and weft density determine the number of pores in the visible zone of the eye-lens. Fig. 3 , for example, shows the difference between Sample 2 and Sample 14: while 8 pores can be seen in the image of Sample 2, 17 pores are visible in the image 14.
• Transformation to a negative image. The negative image is more appropriate for measurement of the pore area, as the black area has higher contrast with the white yarns. An image captured for Sample 8 and the measurement of the pore's area on its negative view -on Fig. 4 . 1  13  368  200  30  36  200  twill 3/1  14  383  210  30  40  211  twill 3/1 Twenty pictures were taken under microscope for each of the samples or 280 fabric images all together. The following steps were performed:
• Taking the digital images of each sample under 4 times enlargement. It was found that different number of pores was included in a single image. The differences in the warp and weft density determine the number of pores in the visible zone of the eye-lens. • Measurement of the pore areas. The interstices between warp and weft threads are extremely irregular as size and shape. The experience, gained within the study, shows that the operator is inclined to measure only the most visible pores, which will lead to large errors in the geometrical model of the woven structure. Therefore a prescription was set that the area of all pores in the taken microscopic image must be measured. 100 pores all together were measured for each woven sample.
The results of the pore's area measurements, namely the mean values of the pore area, variation coefficients and standard errors, calculated on the basis of statistical analysis of the single measurements, are shown in Table 2 . The error is very high due to the high unevenness of the pore sizes in the fabrics. If the number of measurements • Transformation to a negative image. The negative image is more appropriate for measurement of the pore area, as the black area has higher contrast with the white yarns. An image captured for Sample 8 and the measurement of the pore's area on its negative view -on Fig. 4 .
• Measurement of the pore areas. The interstices between warp and weft threads are extremely irregular as size and shape. The experience, gained within the study, shows that the operator is inclined to measure only the most visible pores, which will lead to large errors in the geometrical model of the woven structure. Therefore a prescription was set that the area of all pores in the taken microscopic image must be measured. 100 pores all together were measured for each woven sample. The results of the pore's area measurements, namely the mean values of the pore area, variation coefficients and standard errors, calculated on the basis of statistical analysis of the single measurements, are shown in Table 2 . The error is very high due to the high unevenness of the pore sizes in the fabrics. If the number of measurements increases, the error will decrease; the tradeoff is an increase in measurement effort and thus an increase in overall analysis time. On the best of the present author's experience, the additional costs of such measurement would not be compensated by the accuracy of the obtained mean value of the pore area, due to the great dispersion of the single results. Fig. 5 shows results for the single measurements, together with the mean value and standard deviation of the pore area for two of the samples -4 ( Fig. 5a) and 11 (Fig. 5b) .
The statistical analysis and the examples on Fig. 5 undoubtedly show that single increases, the error will decrease; the tradeoff is an increase in measurement effort and thus an increase in overall analysis time. On the best of the present author's experience, the additional costs of such measurement would not be compensated by the accuracy of the obtained mean value of the pore area, due to the great dispersion of the single results. Fig. 5 shows results for the single measurements, together with the mean value and standard deviation of the pore area for two of the samples -4 ( Fig. 5(a) ) and 11 ( Fig. 5(b) ).
The statistical analysis and the examples on Fig. 5 undoubtedly show that single values of the pore area are highly uneven and spread far beyond the limits of the standard deviation. The reason for this result can be found in the unevenness of the yarn diameter, the influence of the beat-up mechanism of the weaving machine on the pore size and the instability of the woven structure. However, it can be seen that the results for the pore area for the plain weave are much more irregular and spread around the mean value, compared to the results for the twill weave. Possible explanation can be found in the R.A. Angelova results for the pore area for the plain weave are much more irregular and spread around the mean value, compared to the results for the twill weave. Possible explanation can be found in the different structure (weave) and the higher warp and weft density of Sample 11, which is a precondition for a tighter fabric. 
PORE SHAPE TRANSFORMATION
The results of the measured mean area are compared with theoretically calculated pore area, on the basis of the equation (1) . The comparison of the values is presented on Fig. 6 . different structure (weave) and the higher warp and weft density of Sample 11, which is a precondition for a tighter fabric.
Pore shape transformation
The results of the measured mean area are compared with theoretically calculated pore area, on the basis of the equation 1. The comparison of the values is presented on Fig. 6 .
The analysis shows, that there are differences in the calculated and measured values for Samples 1-9, which vary from almost equal values to two times higher in case of the measured pore area. The distinction, however, is extremely high for Samples 10-14. Possible explanation can be found in the different woven structure -the first nine samples in the list are in a plain weave, while the others have a different, twill weave. Though it was found that the deviation of the measurements in twill weave samples is lower (see Fig. 5 ), due to the floating of the yarns in twill weaves, the interstices between the yarns are not as strictly defined as in plain weave. Therefore some of the interstices between the floating together yarns are not as visible as in the case of plain weave samples.
However, the comparison between the measured and theoretical results for the pore area shows that there could be large discrepancies between these values. The experimental values are in almost all cases (except the first three samples) higher. The inaccuracy will be furthermore multiplied in the virtual model of the woven structure.
To complete the necessary information for the virtual model, the shape of the pores has to be determined as well. Either cylindrical or quadratic pore shapes can be chosen. Using the results from the microscopic measurement average values of the pore area S av , the equivalent 
CONCLUSIONS
Experimental results for determination of the pore size of woven structures through image analysis are presented. The image analysis method can be used to measure the pore size and pore distribution in single layer woven fabrics. The analysis clearly shows that the interstices between warp and weft threads are extremely irregular with respect to size and shape. The comparison between the results from the measurements of the pore area and theoretically calculated pore area shows that there may be large discrepancies between these values, especially in the case of twill weave. A pore shape transformation is presented as well; values for equivalent side of square shape pores or equivalent diameters for circular shape pores are presented. On the basis of 
The results are presented in Figures 7 and 8 . For each sample a comparison is made between the theoretical equivalent side or equivalent diameter (based on the theoretical pore area S, calculated with equation 1) and the measured equivalent side or diameter (based on the experimental value S av ). The tendencies are the same as in Fig. 6 : the experimental values are higher than the theoretical ones. The assessment of the influence of the shape of the pores on the flow through the woven sample will be done via CFD simulation in a future work.
Conclusions
Experimental results for determination of the pore size of woven structures through image analysis are presented. The image analysis method can be used to measure the pore size and pore distribution in single layer woven fabrics. The analysis clearly shows that the interstices between warp and weft threads are extremely irregular with respect to size and shape. The comparison between the results from the measurements of the pore area and theoretically calculated pore area shows that there may be large discrepancies between these values, especially in the case of twill weave. A pore shape transformation is presented as well; values for equivalent side of square shape pores or equivalent diameters for circular shape pores are presented. On the basis of the non-destructive analysis of a single layer woven sample a virtual model for incorporation into a CFD software package can be built.
